The role of the nuclear degrees of freedom in nonlinear two-photon single ionization of H 2 molecules interacting with short and intense vacuum ultraviolet pulses is investigated, both experimentally and theoretically, by selecting single resonant vibronic intermediate neutral states. This high selectivity relies on the narrow bandwidth and tunability of the pulses generated at the FERMI free-electron laser. A sustained enhancement of dissociative ionization, which even exceeds nondissociative ionization, is observed and controlled as one selects progressively higher vibronic states. With the help of ab initio calculations for increasing pulse durations, the photoelectron and ion energy spectra obtained with velocity map imaging allow us to identify new photoionization pathways. With pulses of the order of 100 fs, the experiment probes a timescale that lies between that of ultrafast dynamical processes and that of steady state excitations. DOI: 10.1103/PhysRevLett.121.103002 The control of molecular dissociation, i.e., chemical bond breaking, with vacuum and extreme ultraviolet radiation (VUV), is at the core of chemical reactivity and relies on the detailed understanding of the coupling between electronic and nuclear motion [1] . Such photoinduced fragmentation processes are of particular interest for large systems relevant for photochemical and biochemical applications [2, 3] . However, in view of the complexity of dynamics in such systems, studies in small molecules, such as the H 2 benchmark (see [4] and references therein), are still required to understand and achieve quantum control of ultrafast molecular dynamics [5] [6] [7] .
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The role of the nuclear degrees of freedom in nonlinear two-photon single ionization of H 2 molecules interacting with short and intense vacuum ultraviolet pulses is investigated, both experimentally and theoretically, by selecting single resonant vibronic intermediate neutral states. This high selectivity relies on the narrow bandwidth and tunability of the pulses generated at the FERMI free-electron laser. A sustained enhancement of dissociative ionization, which even exceeds nondissociative ionization, is observed and controlled as one selects progressively higher vibronic states. With the help of ab initio calculations for increasing pulse durations, the photoelectron and ion energy spectra obtained with velocity map imaging allow us to identify new photoionization pathways. With pulses of the order of 100 fs, the experiment probes a timescale that lies between that of ultrafast dynamical processes and that of steady state excitations.
DOI: 10.1103/PhysRevLett.121. 103002 The control of molecular dissociation, i.e., chemical bond breaking, with vacuum and extreme ultraviolet radiation (VUV), is at the core of chemical reactivity and relies on the detailed understanding of the coupling between electronic and nuclear motion [1] . Such photoinduced fragmentation processes are of particular interest for large systems relevant for photochemical and biochemical applications [2, 3] . However, in view of the complexity of dynamics in such systems, studies in small molecules, such as the H 2 benchmark (see [4] and references therein), are still required to understand and achieve quantum control of ultrafast molecular dynamics [5] [6] [7] .
In the VUV, one-photon excitation of valence and innervalence electrons commonly leads to single ionization of molecules. For such processes, nondissociative ionization (NDI) prevails, with a probability of dissociative ionization (DI) usually limited to a few percent [8] . In this context, recent time-dependent Schrödinger equation (TDSE) ab initio calculations of excitation and ionization of the H 2 molecule induced by few-femtosecond (fs) intense VUV laser pulses (10 12 W=cm 2 ) predicted that the DI/NDI ratio can be increased by orders of magnitude due to resonance-enhanced two-photon ionization [9, 10] . Considering all electronic and vibrational degrees of freedom (DOF) as well as electronic correlation, of particular importance in doubly excited states (DES) [11, 12] , they highlighted the key role of nuclear motion in the neutral excited molecule. Varying the pulse duration from 2 to 10 fs was proposed as a means to control the DI/NDI ratio.
Here, we choose an alternative strategy to investigate the role of the nuclear DOF in resonant two-VUV photon DI and NDI of H 2 , taking advantage of the properties of the seeded free-electron laser (FEL) FERMI and its unique access to wavelengths up to 100 nm [13] . The parameter controlling the DI/NDI ratio consists of selecting single vibronic neutral intermediate states, here the H 2 (B 1 Σ þ u , v) manifold, relying on the high spectral resolution and precise tunability of the 100-fs pulses at FERMI [14] and on the brightness that allows for two-photon nonlinear ionization. Resonant excitation schemes involving singlepulse two-photon processes at FELs have mostly been applied to rare gases, highlighting the role of the resonance in the intermediate [15] [16] [17] or final state [18] [19] [20] . Studies of molecular dynamics were generally focused on nonresonant processes and characterized by recording ionic fragments [5, 21, 22] .
For H 2 , the excitation of rovibronic levels of the B 1 Σ þ u state [23] was considered in resonant enhanced multiphoton ionization studies using nanosecond lasers. The molecular ionization continuum was mostly explored below the H þ þ H dissociation threshold, where NDI competes with neutral dissociation (ND) involving the interaction of singly and doubly excited states of H 2 [24] [25] [26] [27] . In such schemes, most H þ products arise from subsequent photodissociation of the H þ 2 ðX 2 Σ þ g Þ bound state or photoionization of HðnÞ excited atoms produced by ND. ND and DI have also been investigated for continuum states reached by two-photon absorption from resonant [28] . Dissociative twophoton above-threshold ionization was investigated using a high harmonic source [29] .
In this work, the chosen two-photon VUV optical scheme produces resonant ionization in a region where H þ ions can result only from DI. We demonstrate experimentally a remarkable enhancement and control of the DI/NDI ratio: This ratio can be even larger than unity, i.e., 2 orders of magnitude above one-photon ionization, and is controlled by selecting specific vibrational levels in the
Electron and ion velocity map imaging (VMI) allows for the identification of the DI and NDI mechanisms, and a comparison with ab initio calculations enlightens the dynamics at play within the 100-fs pulse duration. Figure 1 illustrates the transition from the
states by the absorption of a VUV photon, followed by the absorption of a second photon into the The experiment was performed at the low-density matter beam line of FERMI [30, 31] . A supersonic jet of H 2 molecules was produced by expansion through a pulsed Even-Lavie valve. Small bandwidth [ca. 25 meV full width at half maximum (FWHM)] FEL pulses between 12.30 eV, the lowest photon energy accessible at FERMI, and 13 eV were produced at a 10 Hz repetition rate by tuning the six undulators of the FERMI FEL-1 setup [32] to the third harmonic of the seed laser. This bandwidth allows for the selection of single vibronic states comprising a few rotational levels. The desired tunability was obtained using an optical parametric amplifier laser system to provide seed pulses ranging from 280 to 365 nm. The 100-120 fs typical pulse length leads to VUV FEL pulses of 50-100 fs duration (FWHM) [14] , which were focused by a Kirkpatrick-Baez optical system to a spot size of 30 × 30 μm with a power density of 10 12 -10 13 W=cm 2 . The light was linearly polarized perpendicular to the axis of the combined VMI and TOF spectrometer. Time-of-flight (TOF) mass spectra and photoelectron and fragment ion images were recorded at selected photon energies corresponding to excitation into vibrational levels of H Ã 2 bound neutral excited states. For the H þ images, a gating scheme based on the proton's arrival time at the detector was applied. After subtracting the background, the raw images were inverted using the PBASEX algorithm [33] providing energy spectra and angular distributions.
We performed two calculations to get a better understanding of the experimental findings. First, in order to analyze the dependence of the results on the pulse duration, we solved the TDSE to second order of the perturbation theory [34] for pulses up to 40 fs (total duration). The use of this methodology is justified, as for the short wavelengths and peak intensities used in the experiment we are clearly in the perturbative regime. Second, we performed calculations in the infinite-time limit (i.e., the high-resolution regime where the vibronic states are resolved) by using the fully quantum-mechanical formalism of Refs. [35, 36] . In both cases, we computed electronic and vibrational (dissociative) wave functions, as well as the corresponding Hamiltonian and dipole transition matrix elements, in full dimensionality by using a basis of B-spline functions [37] . The studied transition, dominated by a two-photon process via the B 1 Σ þ u state, is most favorable for molecules oriented parallel to the polarization direction, subsequently leading to ionization into the 1 Σ þ g continuum. We thus restricted the calculations to this orientation, i.e., states of 1 Σ þ g=u symmetries.
The measured DI/NDI ratios for resonant two-photon ionization via the v ¼ 8-12 vibrational levels of the H 2 (B 1 Σ þ u ) state, extracted consistently from both the photoelectron spectra and the ion TOF, are displayed in Fig. 2 . The primary observable consists of the photoelectron spectrum (PES), as featured in Fig. 3 
51 eV. Simple considerations based on energy conservation for the two-photon process set the boundaries for electron energies assigned to NDI (2hν − E D ≤ E e ≤ 2hν − IP) and DI (E e ≤ 2hν − E D ), respectively, where IP is the H 2 ionization potential (15.43 eV) and E D is the position of the H þ þ Hð1sÞ dissociative ionization limit (18.08 eV). The measured PES in Fig. 3(a) displays indeed a well-resolved dip at E e ¼ 6.94 eV, separating lower and higher energies consistent with the DI-NDI limit. Although the vibrational distribution of the H 
. This result is a first indication that the two-photon process favors ionization of the intermediate state at large internuclear distances reaching thereby high vibrational levels in the ion. The energy region assigned to DI displays oscillations, well resolved in the 3-7 eV range, characterized by an increasing intensity and a decreasing energy spacing. These oscillations are clearly mirrored in the H þ kinetic energy release (KER) spectrum as illustrated in the inset in Fig. 3(a) Fig. 1(b) , close to the prediction of the Condon-reflection approximation [39, 40] . The DI spectra therefore also demonstrate a strong contribution from the
Processes requiring absorption of a third photon within the VUV pulse, such as sequential dissociation of the H þ 2 ðX 2 Σ þ g Þ bound state or ionization of HðnÞ atoms produced by ND of the DES, are unobserved here. The two spectral regions discussed above are therefore assigned to DI and NDI, respectively, and integration leads to a DI/NDI ratio of 0.87, consistent with the one derived from the TOF spectrum. Figure 3 provides a comparison of the experimental findings with the calculations for 10-40 fs pulse durations (b) and with those obtained in the infinite-time limit (c),(d). Consistent with previous TDSE calculations [9] [10] [11] , the 10-fs-computed PES in Fig. 3(b) shows that the vibrational distribution for NDI extends to higher v þ levels of the H þ 2 ðXÞ state than found for shorter 5-fs pulses and that the KER distribution reflected in the DI component of the PES displays broad structures, emphasizing the role of autoionization of Q 1 (
For these short pulses, the strong increase of the ionization probability [9] [10] [11] 41] and the DI/NDI ratio [9] [10] [11] is also due to nuclear dynamics, but such dynamics is operative only in a limited range of R distances.
Interestingly, the present experimental PES and KER spectra [ Fig. 3(a) ] show that, contrary to what one might infer by varying the pulse duration from 2 to 10 fs (as in Refs. [9, 10] ), the infinite-time limit is reached for pulses much longer than 10 fs. The time-dependent calculations [ Fig. 3(b) ] indeed account for an important variation of the PES for 10-40 fs pulses. Although the agreement with the measured PES improves when the pulse duration is increased, the simulations do not yet reproduce the experiment even for 40-fs pulses, a duration approaching the vibrational period for v ¼ 9. In particular, for DI the nascent population of the H þ 2 ð2pσ u 2 Σ þ u Þ repulsive state is still very weak, as illustrated in the inset in Fig. 3(b) , and the broad peaks assigned to autoionization of the [11] do not match the experiment.
The agreement improves significantly when considering the infinite pulse duration calculation. Here, the DI spectrum in Fig. 3(c) nicely reproduces the observed oscillations, confirming the importance of DI into the 2pσ u continuum, superimposed on a weakly structured component of comparable weight corresponding to ionization into the 1sσ g continuum. The NDI part of the spectrum also shows a reasonable agreement with the experiment after convoluting computed ionization probabilities with the instrumental width, providing the density of the ionization probability. The vibrational distribution in the H We observe that the structure peaking at v þ ¼ 2, not predicted by the calculation for a 40-fs pulse, is larger than that found in the measured PES, suggesting that the experiment does not fully match the stationary conditions. A similar conclusion can be drawn when comparing the computed DI/NDI ratios for v ¼ 9, which vary from 1.5 to 1.2 for 10-40 fs pulses and reach 0.63 for the infinite-time limit, with the measured value 0.85. Hereby, the experiment points to a characteristic timescale lying between those for ultrafast dynamical processes and steady state excitations. In order to probe the contribution of DES with the increasing pulse duration, we compare in Fig. 3(d) the PES in Fig. 3(c) with the one obtained for a truncated computation, in which the autoionizing DES are suppressed. It shows that the contribution of DES affects DI as well as NDI mainly for the H 
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þ Þ levels up to the dissociation limit, while for DI it corresponds to an enhanced contribution of energetic electrons or low-energy protons. The latter can be explained by the high ionization probability near the outer-turning point of the intermediatestate vibrational wave functions, which expands from 2.7 to 3.2 Å for v ¼ 8-12. Whereas the measured DI spectrum remains close to the FC overlap of the H 2 (B 1 Σ þ u ) vibrational wave function with the 2pσ u ionic state, the computed spectrum deviates from this distribution close to the DI-NDI limit, as shown in Fig. 4 . This deviation as well as the stronger ionization probability into low v þ for NDI resulting from the calculations is attributed to auto- Fig. 3(d) ], which plays a more important role in the infinite-time limit calculation than in the experiment on the 100 fs timescale.
In conclusion, exploiting the unique narrow bandwidth and tunability at FERMI in a VUV range unexplored to date with FELs, we have demonstrated a remarkable enhancement of the ratio between the dissociative and nondissociative ionization processes in resonant twophoton ionization of the H 2 molecule compared to onephoton ionization. This increase by about 2 orders of magnitude results in DI probabilities even larger than those for NDI at certain excitation energies, which is a remarkable finding for single photoionization of small molecules. This is assigned to the role of the nuclear DOF in the B This comparative study also suggests that using 100-fs pulses probes a timescale at the transition between ultrafast dynamics and steady state excitations. Such VUV pulses are most appropriate to investigate the role of the vibrational DOF in neutral molecules and thereby to control the outcome of nonlinear resonant photoionization processes. Future studies will extend the investigation of the role of nuclear DOF to resonant excitation of electronic states of different symmetries in H 2 . Finally, similar control strategies in other diatomic or small polyatomic molecules should also be viable employing narrow-band intense VUV FEL pulses.
